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The Exploration Portable Life Support System (xPLSS) maintains life support for a suited 

crew member during Extravehicular Activity (EVA).  The thermal and pneumatic/hydraulic 

interactions within the xPLSS have been modeled using Thermal Desktop®.  In addition to 

these interactions, a human thermal model (METMAN) that includes metabolic, respiration, 

muscular work, and active body thermoregulation, was used to include the crew member as 

part of the loop. 

The model is a system level simulation and is being used to estimate thermal boundary 

conditions for detailed xPLSS component analyses.  To date, this model has been used to 

evaluate the cooling system capabilities for keeping the crew member comfortable in a range 

of thermal environments and off nominal operating conditions, the thermal and pressure 

conditions during failed open relief valve scenarios, temperature effects on the removal 

efficiencies of the carbon dioxide and humidity control unit and detailed thermal analysis of 

batteries.  In summary, this Thermal Desktop® model is supporting many of the design review 

products for the xPLSS as it comes to maturity and provides insight into the operations of the 

xPLSS in various conditions and scenarios. 

Nomenclature 

Afib,eff   = Effective area of SWME fiber bundle 

ATCL   = Auxiliary Thermal Control Loop 

CO2   = Carbon Dioxide 

CO2(%)   = CO2 percent removal rate 

CM   = Crew Member 

Cp   = Specific heat of water 

CWS   = Caution and warning system 

DCU   = Display and Control Unit 

Dpore   = Diameter of a pore in the wall of a SWME hollow fiber 

EMU   = Extravehicular Mobility Unit 

EVA   = Extravehicular Activity 

FloCAD   = A subsection of the software Thermal Desktop  

FR_Loop   = Thermal loop water flow rate 

FR_Umb   = Umbilical water flow rate 

FR_Leak   = Bypass water flow rate 
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h   = Convective heat transfer coefficient within SWME hollow fibers  

hlv   = Heat of evaporation of H2O  

H2O   = Water 

H2O(%)   = H2O percent removal rate 

kapollo   = thermal conductivity of the apollo suit, Btu/(ft-°F-hr) 

kshuttle   = thermal conductivity of the shuttle suit, Btu/(ft-°F-hr) 

LCVG   = Liquid Cooling and Ventilation Garment 

Lpore   = Wall thickness of a SWME hollow fiber 

METMAN   = A human thermal model 

ṁin   = Mass flow rate of liquid H2O into SWME 

ṁout   = Mass flow rate of liquid H2O out of SWME 

ṁvap   = Mass flow rate of vapor H2O out of SWME membrane 

O2   = Oxygen 

O2(%)   = O2 percent removal rate 

OVL   = Oxygen Ventilation Loop 

P1   = Pressure outside SWME fibers 

Psat   = Saturation pressure of H2O vapor 

Q_HX   = Heat loss to vehicle heat exchanger 

Q_LCVG   = Heat added by Liquid Cooling Garment (LCG) 

Q_PLSS   = Heat added by Primary Life Support System (PLSS) 

Q_Umb   = Heat gained by delivery line of umbilical 

qSWME   = Heat rejected by Spacesuit Water Membrane Evaporator 

RCA   = Rapid Cycling Amine system 

Rvap   = Vapor gas constant 

SINDA/FLUINT = Systems Improved Numerical Differencing Analyzer with Fluid Integrator 

SWME   = Spacesuit Water Membrane Evaporator 

T_DCUin   = Display and Control Unit (DCU) inlet temperature 

T_DCUout  = Display and Control Unit (DCU) outlet temperature 

T_LCVGin  = Liquid Cooling Garment (LCG) inlet water temperature 

T_UMBout  = Temperature of umbilical outlet delivery line 

T_VHX   = Vehicle heat exchanger temperature out 

TCL   = Thermal Control Loop 

TCV   = Thermal Control Valve 

TD     = Thermal Desktop® 

Th2o   = Average temperature of liquid H2O within SWME 

tHalfCycle   = RCA half cycle time, seconds 

Tin   = Temperature of liquid H2O into SWME 

Tmem   = Temperature of membrane of SWME 

Tout   = Temperature of liquid H2O out of SWME 

Tsink   = Sink temperature of space suit, °F 

tSLS   = Time since last RCA bed switch, hours 

UA   = Heat transfer coefficient 

UHF   = Ultra High Frequency 

vUllage   = Empty volume within the RCA amine beds, ft3 

V̇in   = Volumetric flow rate into the Rapid Cycling Amine (RCA) system seconds 

xCO2   = Mole fraction of CO2 

xH2O   = Mole fraction of H2O 

xPLSS   = Exploration Personal Life Support System 

 

I. Introduction 

he Exploration Personal Life Support System (xPLSS) is used to support life functions of the crew member during 

extra vehicular activities.  The xPLSS cleans the of breathing air of human generated CO2 and H2O in a sustainable 

manner via a constantly regenerating system,  The xPLSS also removes waste heat from the crewmember and 

electronics through a system utilizing evaporation. 

T 
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 A system level model of the xPLSS was required to predict temperatures within the system and to predict the 

exchange of energy between subsystems.  This system level model is used to study off nominal operating conditions 

and subsystem failures.  Another use of this model is to support detailed analysis of subsystems by generating 

simplified boundary conditions 

II. Why a System Level Model was Required 

 A system level model of the xPLSS was required to generate boundary conditions for use in detailed component 

analysis. The purpose of this effort was to develop analytical and numerical methods based on known physical laws 

and well-established correlations to predict the performance of the xPLSS based on the current schematic, metabolic 

modeling of the crewmember (CM) and the xPLSS structural design. The baseline xPLSS schematic representation is 

shown in Figure 1. The xPLSS thermal and fluid performance was analyzed at the system level under anticipated 

ranges of operating conditions. In order to be successful, the analysis methods must predict temperatures, gas and 

liquid flow, heat flows, and gas species concentrations under time-varying conditions that will be reasonably close to 

actual values experienced in the xPLSS during service. This effort was conducted in parallel with hardware 

development and is expected to continue concurrently through the manufacturing and flight service phases.  This tool 

will be helpful in evaluating future changes to the xPLSS and space suit subsystems. The software chosen for this 

effort was Thermal Desktop® (TD), which acts as a preprocessor for the Systems Improved Numerical Differencing 

Analyzer with Fluid Integrator (SINDA/FLUINT) distributed by C&R Technologies, Inc.1 The scope of the effort was 

building and exercising of a xPLSS system level thermal hydraulic model using Thermal Desktop.  Being a system-

level effort, individual components within the system were not modeled in detail. 
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III. System Modeling Approach 

A system level model of the xPLSS was required to predict temperatures within the system and to predict the 

exchange of energy between subsystems. Thermal Desktop® modeling software was chosen for developing the PLSS 

thermal hydraulic model.  Only one-dimensional flow, such as pipes and ducts, can be analyzed where frictional fluid 

losses from bends, surface roughness, orifices, and valves are calculated through known correlations.  The losses are 

converted into heating the fluid.  Fluid kinetic energy is added to a fluid system by means of pumps and fans.  The 

effect of gravity on flow can also be included but was not included in this effort.  The heat flow between hardware 

and fluids is accomplished using conductors between fluid junctions and thermal nodes.  Heat can be added directly 

to the fluid at any point. TD provides a number of elements to model physical devices.  These include tanks, tubes, 

orifices, bends, pressure regulators, check valves, control valves, pressure relief valves as well as some special 

elements.  Multi-species fluids for the ventilation gases were modeled to keep track of O2, CO2, and H2O.  Volumes 

within the system were modeled as tank elements.  The tanks can hold fluid mass under pressure.  The tanks can have 

rigid or flexible (compliant) walls. TD can model gas/liquid phase changes.  For example, if humid air cools to less 

than the dew point temperature then a liquid fraction will be present and latent heat will be exchanged.  TD also has 

special fluid nodes that have user specified pressure and temperature as independent variables.  These nodes function 

as infinite reservoirs for flow of fluid and energy. TD allows the user to input custom code to model functions that 

can include control algorithms, constituent gas addition and removal (O2, CO2, and H2O), and environmental heating 

effects.  This capability was used extensively in the model, which included the integration of the human thermal model 

(METMAN).  

The model is divided into two TD fluid submodels: Oxygen Ventilation Loop (OVL) and Thermal Control Loop 

(TCL).  The OVL consists of all systems in the xPLSS that are involved in providing breathing gas to the CM.  It 

consists of tubing, O2 tanks, pressure regulators, Rapid Cycle Amine (RCA), fans, heat exchanger, CO2 sensors, 

 
Figure 1.  xPLSS Schematic. 
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pressure sensors, valves and restrictions.  The TCL provides active cooling to the CM and PLSS components.  The 

TCL contains the H2O pump, Spacesuit Water Membrane Evaporator (SWME), heater, H2O bladders, Liquid Cooling 

and Ventilation Garment (LCVG), tubing, valves and restrictions.  Heat transfer between the fluids and geometry is 

accomplished by fluid-to-node ties. 

Metabolic O2 consumption, CO2 production, and H2O production (respiratory, skin diffusion and sweat) by the 

crewmember are exchanged with the OVL.  METMAN has been incorporated into the model to calculate the amount 

of heat that must be removed from the TCL to cool the astronaut and to determine the exchange of H2O, CO2, and O2. 

CM heat is added to the OVL and the LCVG.  Heat is removed from the TCL by evaporation of H2O by the SWME.  

Evaporated SWME H2O is removed from the TCL by a constant mass flow rate device connected to a boundary fluid 

node representing vacuum conditions; this constant mass flow rate device is controlled by the SWME heat rejection 

calculations discussed later. The space suit is modeled within METMAN and it interacts with the CM and directly 

affects heat exchanged between the CM, the space suit, and the environment. 

IV. Thermal Model Description 

A. Geometry 

The geometric thermal model of the PLSS was developed based on a 3D CAD model provided by the responsible 

mechanical design staff. This geometry model was used to generate a thermal network, which contains a system of 

nodes, conductors, contactors, heat loads and other thermal-specific objects. This thermal model was integrated with 

the fluid models to form the entire PLSS system model. This integration is needed to simulate interactions between 

the fluid loops and the PLSS hardware. The components included in this geometry model were created with simplified 

shapes to avoid excessively large size of the resulting integrated system model. 

Due to lack of detailed vendor information, thermal capacitance of each component was determined based on its 

actual mass. Effort was made in nodal discretization to achieve reasonable thermal mass distribution in each 

component model. Optical properties were assigned according to component surface treatments. Area-weighted 

optical properties and volume-weighted specific heats were used for the components made with multiple materials. 

Interfacial heat transfer between contacting surfaces were accounted for by turning on the automatic contactor feature 

available in Thermal Desktop. Generic values of interfacial heat transfer coefficients were estimated according to the 

type of surface contacts being modeled (e.g. metallic-to-metallic, metallic-to-non-metallic, non-metallic-to-non-

metallic, etc.). Thermal dissipation was simulated by adding heat loads to the applicable components. The input heat 

rates were applied based on the specified component powers and at the expected locations in the actual hardware. The 

TD geometries are shown in Figure 2. 

 

 
Figure 2. TD Geometry, Rear View (no cover) 

V. Suit modeling within METMAN 

The METMAN model that is incorporated in the xPLSS Thermal Desktop Model does not handle the Multi-layer 

Insulation of the suit using radiation conductors but relies on linear conductors. This approach make the linear 
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conductors dependent on the thermal conductivity of the suit, which in turn depends on the temperature of the thermal 

sink. The stand-alone METMAN model was used to develop a correlation between the thermal conductivity of the 

suit and the sink temperature. This was done by using suit heat leak vs. sink temperatures curves from the shuttle and 

Apollo suits. An iterative process was used to come up with a thermal conductivity that would match a particular suit 

heat leak and sink temperature using the stand-alone Metman model. This process was repeated for other locations on 

the curves. With that data a curve fit was used to develop the correlation for the two suits. These correlations are used 

in the current xPLSS Thermal Desktop model and are listed below: 
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Where: 

 Tsink = Sink temperature of space suit, °F 

 

 

 
Figure 4.  Equation for apollo heat leak.  
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Figure 3.  Equation for shuttle heat leak. 
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VI. Fluid Module Description 

FloCAD (a subsection of the software Thermal Desktop) is used to model the fluid flow within the xPLSS. 

The xPLSS schematic (Figure 1) shows O2 loops (primary and secondary), an O2 Ventilation Loop and a Thermal 

Control Loop.  In the TD model, the O2 loops and O2 Ventilation Loop are combined into one submodel and referred 

to as the O2 Ventilation Loop (OVL).  The Thermal Control Loop is a separate TD submodel. 

A. Oxygen Loop 

The main components of the O2 loop are the primary and secondary tanks. The primary tank provides O2 for the 

replenishment of losses in the OVL due to RCA operation, suit leakage and metabolic consumption.  The secondary 

tank provides emergency back-up if the primary O2 system fails or the primary tank empties. The primary and 

secondary tanks are modeled in TD as tanks with volumes of 210.4 in3 each, initially pressurized to 3000 psia at 68°F.  

Each tank initially contains 2.2 lbm of O2. 

B. Oxygen Ventilation Loop 

1. Rapid Cycle Amine (RCA) 

The RCA is the continuous and regenerative CO2 and H2O vapor removal unit in the PLSS. The RCA features a 

two-bed sorbent canister that allows one bed to absorb CO2 and H2O vapor while the other simultaneously desorbs 

under vacuum conditions. CO2 and H2O vapor are removed from the OVL via the sorbent, as well as the O2 within 

the bed during bed switches.  The RCA is represented by a pressure loss element and three constant mass flow 

elements, CO2, H2O, and O2.  The constant mass flow elements model the removal of gaseous components from the 

OVL by the RCA.  Equation 1, Equation 2 and Equation 3 are curve fits of RCA test data.2  Ullage removal rate is 

based on volume loss per cycle per bed.  Ullage loss is a result of opening the free volume in the unit to vacuum.   

 

CO2 percent removal rate 
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The O2 loss rate due to ullage varies with half cycle time (seconds) as shown in Equation 5.  

 

O2 percent removal rate 
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Where: 

 tHalfCycle = RCA half cycle time, seconds 

  tSLS   = Time since last RCA bed switch, hours  

 V̇in   = Volumetric flow rate into the Rapid Cycling Amine (RCA) system, m3/hr 

 vUllage  = Empty volume within the RCA amine beds, ft3 

 xCO2  = Mole fraction of CO2 

 xH2O  = Mole fraction of H2O 
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Since the adsorption/de-adsorption processes are reversible, the overall heat generation of the RCA unit is zero. 

The RCA CO2 and H2O removal efficiency is dependent on the time since the last bed swap.  The time since last bed 

swap is controlled by the CO2 sensor at the helmet inlet. 

 

2. Fan 

The fan is modeled as a constant mass flow device.  The constant mass flow device is constantly adjusted to 

maintain a constant volumetric flow as measured through the heat exchanger. 

 

3. Heat Exchanger 

Convective heat exchange occurs between the TCL and the OVL. The Heat Exchanger is modeled as a constant 

heat transfer coefficient, UA, between fluid control volumes (“Lumps” in TD) in the TCL and OVL.  The value UA 

may be set via the two symbols U_HX (default=70 W/m2/K) and A_HX (default=0.3 m2). 

 

4. CO2 Sensors 

The CO2 sensors are placed so that they can sense CO2 at both the inlet of the RCA and the helmet inlet. 

 

5. Pressure suit/Crew Member 

O2 consumption as well as CO2 and H2O production by the CM are modeled with mass flows using constant mass 

flow elements into and out of the OVL at the helmet.  These mass flows are governed by the METMAN program.  

The nominal suit leakage is assumed to be 0.00502 lbm/hr (27 sccm [standard conditions of 32 °F and 1 atmosphere]). 

C. Thermal Control Loop 

1. Liquid Cooling and Ventilation Garment (LCVG) 

The water tube portion of the LCVG is modeled as a network of tubes that account for the volume.  The tank walls 

are currently rigid.  The overall pressure loss is comparable to the LCVG for the shuttle EMU. Heat input is controlled 

by METMAN. 

 

2. Feedwater Bladder 

The physical feedwater bladder has a default initial capacity of 10.0 lbm (although this can be adjusted).  The 

bladder compliance was calculated using pressure decay data from the Oceaneering Feedwater Supply Assembly 

Prototype Final Design Review.3 

 

3. Thermal Control Valve (TCV) 

The Thermal Control Valve (TCV) is used by the CM to control his/her temperature by bypassing flow around the 

LCVG.  The TCV is modeled by two control valves, one in the bypass and another in the LCVG branch.  Distribution 

of flow between the two branches is determined by relative opening of the two valves.  The flow split is adjusted to 

maintain zero heat storage in the CM. 

 

4. Spacesuit Water Membrane Evaporator (SWME) 

The SWME cools the TCL by evaporation of water thru thin (25-micron) porous Teflon membrane tubes.  The 

exterior of the membrane is exposed to vacuum thru an exhaust valve. SWME function was provided by Matt 

Vogel/Jacobs Technology. The SWME function involves six thermal fluids dynamics equations used to characterize 

the water evaporation heat transfer process inside this heat exchanger. 
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Where: 

 ṁin  = Mass flow rate of liquid H2O into SWME 

 ṁou  = Mass flow rate of liquid H2O out of SWME 

 ṁva  = Mass flow rate of vapor H2O out of SWME membrane 

 Cp  = Specific heat of water 

 Tin  = Temperature of liquid H2O into SWME 

 Tout  = Temperature of liquid H2O out of SWME 

 Tmem = Temperature of membrane of SWME 

 qSWME = Heat rejected by Spacesuit Water Membrane Evaporator 

 h  = Convective heat transfer coefficient within SWME hollow fibers  

 Afib,eff = Effective area of SWME fiber bundle 

 Th2o = Average temperature of liquid H2O within SWME 

 hlv  = Heat of evaporation of H2O  

 Dpore = Diameter of a pore in the wall of a SWME hollow fiber 

 Lpore = Wall thickness of a SWME hollow fiber 

 Psat  = Saturation pressure of H2O vapor 

 P1  = Pressure outside SWME fibers 

 Rvap = Vapor gas constant 

 

 

To obtain the desired water temperature out of the SWME, the vapor pressure (P1) is varied iteratively. After the 

heat rate rejected from the SWME is determined, H2O is removed through a constant mass flow element.  The mass 

flow rate removed is the heat rate removed divided by the heat of vaporization of water. 

 

5. TCL Pump 

The pump is modeled as a constant mass flow device at 200 lbm/hr. 

D. Auxiliary Thermal Control Loop (ATCL) 

1. LCVG 

The ATCL sends water through only 40% of the area normally covered by the LCVG.  In the constant mass flow 

program, this was achieved by reducing the contact area between the LCVG and each body segment proportionally. 

 

2. Feedwater Bladder 

The auxiliary water bladder has an initial capacity of 1.0 lbm and is similar in operation to the main bladder. 

 

3. Mini-Membrane Evaporator 

The Mini-Membrane Evaporator is similar in operation to the SWME.  However, the Mini-Membrane Evaporator 

does not have a controllable valve on its exhaust line and therefore is not designed to maintain a constant water outlet 

temperature. After the heat rate rejected from the Mini-Membrane Evaporator is determined, H2O is removed through 

a constant mass flow element.  The mass flow rate removed is the heat rate removed divided by the heat of vaporization 

of water. 
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4. ATCL Pump 

The pump is modeled as a constant mass flow device at 100 lbm/hr. 

 

VII. System Model Usage 

The xPLSS model is used both to explore system operations and to generate simplified boundary conditions for 

detailed analysis of individual components. A few of the analyses which use this model are the fan outlet check valve 

requirement assessment, crewmember heat gain assessment, battery module temperature predictions, RCA 

temperature predictions, and internal bypass  leakage assessment.  

A. Fan Outlet Check Valve Requirements Assessment 

A flow split analysis of the xPLSS ventilation loop was conducted in both helmet purge and suit purge modes to 

determine whether the associated reverse flow rates were high enough to close the fan outlet check valves.  The 

pressure differential available to keep the valves closed was also evaluated.  The flow analysis was performed using 

the Thermal Desktop xPLSS (fluid and thermal) model. 

Results indicate that the magnitude of the reverse flow during helmet purge was insufficient to close the check 

valves in a worst-case 1g environment for any realistic friction factors and flapper axis-to-center-of-mass offsets. 

Based on the results of the analysis, modifications to the current check valve design or an alternate design are expected. 

B. Crewmember Heat Gain 

 The Thermal Desktop xPLSS model was used to make predictions of the crewmember thermal heat gain if the 

pump bypass relief valve has failed open. Results indicate the degradation of the Liquid Cooling and Ventilation 

Garment (LCVG) cooling capability due to the open pump relief valve would increase the heat storage per pound of 

the crewmember beyond the 2 Btu/lbm limit for certain scenarios. A continued study is recommended to analyze more 

scenarios as modeling continues. 

C. Battery Module Temperature Predictions 

The xPLSS utilizes 3 separate battery circuits: the Primary battery (8 parallel battery modules which power the 

sensors, actuators, Caution Warning System (CWS), controllers, and Ultra High Frequency (UHF) Radio, pumps, 

fans, etc.), the Auxiliary battery (2 parallel battery modules which power the EVA Camera, heated gloves, and data 

logging/Wi-Fi Radio), and the Auxiliary Battery (1 battery module which powers ATCL controller, pump, and 

actuator). The Primary and Accessory batteries run constantly during discharge operations, taking a full 8 hours to 

discharge. The Auxiliary battery, however, only runs in emergency situations and is limited by the 1 hour of ATCL 

operation. The greater rate of discharge means that the auxiliary battery heats up very quickly once discharging. 

The battery modules must provide sufficient power to its circuit components while avoiding lithium ion cell 

temperatures (140°F or 60°C) that would lead to thermal runaway. Thermal runaway is primarily a concern during 

discharging conditions, but if the batteries are too hot during charging conditions the battery capacity has been shown 

to suffer. The percentage of the power that becomes heat is around 3% for discharging operations and is around 1% 

for charging operations. The module rack is made of aluminum with large amounts of module contact in order to 

utilize the water loops within the backplate to draw heat from the heating batteries. 

D. RCA Temperature Predictions 

Rapid Cycling Amine (RCA) testing has shown that amine desorption is reduced with lower overall bed 

temperatures, which limits the overall bed capacity per half cycle.  A detailed thermal analysis was performed, with 

respect to the structural attachment of the RCA to the PLSS Backplate, to guide both the materials selection and 

bracketry design to maintain the performance of the RCA under the expected operational thermal environments. 

The temperature of the RCA is influenced by two factors.  The first factor is conduction to the PLSS backplate.  

This factor depends on the contact between the RCA frame and the PLSS Backplate and is not directly affected by the 

environment.  The second factor is radiation exchange between the RCA and the PLSS cover, which is a function of 

the external emissivity of the RCA and the internal emissivity of the PLSS cover and depends on the thermal 

environment. The PLSS Backplate generally operates at lower temperatures than desired for RCA performance. 

Because the RCA generates its own heat at its valve and at CON-350, the influence of the Backplate temperature is 

minimized by reducing the contact conduction between the RCA frame and the Backplate.  This allows the temperature 

of the RCA to rise above the Backplate temperature.  By reducing the emissivity of the RCA and RCA frame, the 

influence of the environment is also reduced which is desired particularly in cold environments. 
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With the as designed interface contact and surface emissivity the RCA, bed temperature varies from 69 °F to 83 

°F.  If the contact is minimized and the emissivity of the RCA and its frame are unchanged, the RCA bed temperature 

varies from 80 °F to 101 °F.  This temperature range is more in line with the desired operating range of 75 °F to 90 °F 

based on test data. 

E. Internal Bypass Leakage Assessment 

Internal bypass leakage assessment task does not add to the xPLSS model but rather uses results obtained from the 

standalone METMAN model, the xPLSS Thermal Desktop Model and a separate Thermal Desktop model to compute 

the Display and Control Unit (DCU) inlet temperature (T_DCUin) as function of the bypass water flow rate 

(FR_Leak). 

 

1. Determining Maximum Heat Removal by Liquid Cooling and Ventilation Garment 

The standalone Metabolic Man (METMAN) model was used to develop a parametric evaluation of the required 

Liquid Cooling and Ventilation Garment (LCVG) water flow rates needed to maintain crew comfort based on LCVG 

inlet water temperature and crew metabolic rate. This was done by developing an iterative algorithm to target a crew 

heat storage of either 0.0 Btu/lbm (0.0 kJ/kg) or 1.3 Btu/lbm (3.02 kJ/kg) by varying the water flow rate, the metabolic 

rate from 300 Btu/hr (88 W) to 1200 Btu/hr (351 W), and LCVG inlet water temperatures from 60 °F (7.2 °C) to 75 

°F (23.9 °C). Some of the results of this analysis are shown in Figure 5.  Note not shown in Figure 5 is the LCVG heat 

load found to be 878 Btu/hr (257 W) at metabolic rate of 1200 Btu/hr (351 W) and water inlet and outlet temperature 

of 70.2 °F (21.2 °C) and 75.3 °F (24.1 °C) respectively when the heat storage was 1.3 Btu/lbm (3.02 kJ/kg). At low 

metabolic rates it is possible to maintain crew comfort defined as heat storage of 0.0 Btu/lbm (0.0 kJ/kg) but as the 

metabolic rate and inlet water temperature is inceased the goal is not to exceed cognitive onset which is defined as 

heat storage of 1.3 Btu/lbm (3.02 kJ/kg). 

 

 

 

2. Determining Heat Loads at Various Locations 

The thermal loop heat loads were determined at various locations as shown in Figure 6 in order to calculate water 

temperatures at specific locations within the thermal loop based on water flow rates. We used existing analysis results 

from the xPLSS Thermal Desktop Model and a separate Thermal Desktop model to estimate the heat leak into the 

water supply line Q_UMB. For the case where heat storage was 1.3 Btu/lbm (3.02 kJ/kg), the heat loads were 

Q_LCVG = 880 Btu/hr (234 W), Q_PLSS = 200 Btu/hr (59 W), Q_UMB = 84 Btu/hr (25 W) when FR_Loop = 170 

lbm/hr (77.1 kg/hr) and T_VHX = 60°F (15.6 °C). An excel worksheet was used to determine the inlet temperature 

 
Figure 5.  Liquid cooling garment flow rate required to maintain crew heat storage of 0.0 

and 3.02 kJ/kg for given inlet water temperature.  
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T_LCVGin by iterating until an energy balance is achieved around the water loop and T_LCVGin (input) = T_DCUin 

(calculated). A summary of the final values that were obtain using the above approach are shown in Table 1. 

 
Figure 6. Water Flow Loop 

 

 

 
Table 1. LCVG Water Inlet Temperature Results 

 

VIII. Future Tasks 

The system model of the xPLSS will be used to study various failure modes and off-nominal conditions.  The 

model will be used to generate boundary condition for use by component vendors and to support project data reviews. 

In the future, the model will be correlated to test results of the xPLSS system as well as to component testing. 

IX. Conclusion 

A system level model has been developed utilizing the software Thermal Desktop®.  This model is used to study 

nominal and off-nominal operations of the xPLSS.  This model is also used to support detailed analysis of components 

by generating radiation and contact boundary conditions. 

 

 

 

 

 

 

 

T _VHX 

°F* 

(°C)* 

FR _Leak 

lbm/hr 

(kg/hr) 

T_DCUout 

°F 

(°C) 

T_LCVGinlet 

°F 

(°C) 

60 (15.6) 
20 

(9.1) 

67.8 

(19.9) 

61.4 

(16.3) 

60 (15.6) 
30 

(13.6) 

68.3 

(20.2) 

62 

(16.7) 

60 (15.6) 
40 

(18.1) 

69 

(20.6) 

62.6 

(17.0) 

60 (15.6) 
50 

(22.7) 

69.7 

(20.9) 

63.3 

(17.4) 

60 (15.6) 
100 

(45.4) 

76.6 

(24.8) 

70.3 

(21.3) 

*Assumes vehicle heat exchanger can maintain 60°F (15.6 °C) inlet. 
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