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The use of a heat rejection apparatus that can act as both an energy capacitor and a 

radiator has the potential to provide many functions in an exploration-class space vehicle. In 

this concept, water is used as a thermal capacitor or buffer material within the structure of 

the radiator panel. The radiator provides heat rejection to the local environment while the 

water stores or releases excess thermal energy passively. While the water’s use in this case is 

primarily for thermal control, the reservoir also acts as a radiation barrier for crew 

protection through those surfaces, and is inherently a contingency water reservoir. This 

paper provides an overview of recent thermal analysis work and the associated functional 

capability with the current design. The current design was developed such that the water 

would function predominantly as a sensible thermal capacitor versus a latent thermal 

capacitor during crewed operations in a deep space environment. This allows the radiator to 

operate at higher temperatures and reduces the likelihood of freezing the entire water 

volume during nominal operations.  The desire is for the mechanical design to be freeze-

tolerant, versus being required to operate with daily complete freeze and thaw cycles of the 

water volume where increased mechanical fatigue may be expected. The evaluated 

architecture and radiator design allows for single loop operations and is a viable technology 

candidate for relatively low power vehicles. Future work to refine the mechanical design 

through analysis and testing is outlined. 

Nomenclature 

°C  = degree Celsius 

cm  = centimeter 

g/s  = grams per second 

hr  = hour 

in  = inch 

K  = kelvin 

kg  = kilogram 

kW  = kilowatt 

m  = meter 

mm  =  millimeter 

W  = watt 

ATCS  = Active Thermal Control System 

CAD  = Computer-Aided Design 

ECLSS  = Environmental Control and Life Support System 

FHS  = Fusible Heat Sink 

HAL  =  Habitable Air Lock 

IRIP  =  Integrated Radiator Ice PCM 
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ITCS  = Internal Thermal Control Subsystem 

JSC  = Lyndon B. Johnson Space Center 

LLO  = Low-Lunar Orbit 

MMSEV  = Multi-Mission Space Exploration Vehicle 

NASA  =  National Aeronautics and Space Administration 

PCM  = Phase Change Material 

PGW  = Propylene-Glycol/Water Solution [50/50 solution within this document] 

PLSS  = Portable Life Support Subsystem 

I. Introduction 

HE Habitable Air Lock (HAL) is a current project at the National Aeronautics and Space Administration 

(NASA) Lyndon B. Johnson Space Center (JSC) developing a generic core cabin layout intending to be 

applicable in a wide range of human exploration missions, including deep space. A concept model of the HAL cabin 

is shown in Figure 1. The HAL is being designed to be a self-sufficient crewed space habitat based on the Multi-

Mission Space Exploration Vehicle (MMSEV) configuration 

with its own Environmental Control and Life Support System 

(ECLSS) and Active Thermal Control System (ATCS). The 

heat rejection apparatus envisioned for the HAL’s ATCS would 

be a radiator that uses water internally as a phase change 

material (PCM). An aluminum plate located on top with a high 

emissivity surface would serve as the radiator facesheet to 

enable radiation heat transfer. It is termed in this analysis as a 

“water based fusible heat sink radiator,” or the HAL FHS 

radiator. Using a heat rejection device that integrates the water 

PCM with a radiator is beneficial for reducing the required 

surface area of the radiator1.  

 The water based PCM radiator would be an external heat 

rejection apparatus placed on top of the cabin, as shown in 

Figure 2, and would be connected to the Internal Thermal 

Control Subsystem (ITCS) with a single fluid loop system that 

utilizes a propylene-glycol/water (PGW) solution. A two pump system (one primary and one backup) would move 

the fluid through the loop. The flowrate being considered would range from 25 g/s, similar to the Portable Life 

Support Subsystem (PLSS) water pump baseline, and 45 g/s, similar to the Orion pump baseline. The FHS radiator 

design within this document also contains a bypass valve and loop which can be used to control the amount of PGW 

solution that flows through the radiator. The water within the FHS radiator serves as a sensible capacitor for thermal 

control, radiation protection for the crew members, and could potentially be used as a contingency water reservoir.  

 Previous work on an integrated radiator and fusible PCM 

heat sink design was done to examine proof of concept and 

predictive model verification. The previous work used water as 

a latent thermal capacitor, and the water was generally in the 

ice phase. The current HAL FHS radiator predominantly 

functions as a sensible thermal capacitor with the water 

generally in liquid form, whereas past work focused on a 

frozen water PCM that thawed and re-froze during various 

heat loads. The present work focuses on a liquid water PCM 

that can utilize water’s sensible thermal capacity to buffer the 

nominal heat load profile, while still being freeze-tolerant 

during low heat input, or dormancy, periods1. This approach 

reduces the likelihood of completely freezing the FHS during 

normal operation and allows the radiator to operate at higher 

temperatures. This paper analyzes the use of the HAL FHS 

radiator functioning as a sensible thermal capacitor during 

crewed operation in a deep space environment. 

T 

 
Figure 1.  Concept model of the               

Habitable Air Lock (HAL) cabin. 

 

 
Figure 2.  Thermal Desktop2 model of 

Habitable Air Lock (HAL) with Fusible Heat 

Sink (FHS) Radiator on exterior top of cabin.  

 



 

International Conference on Environmental Systems 
 

 

3 

II. Background 

The HAL FHS radiator design was derived from a previous test article called the MMSEV Integrated Radiator 

Ice PCM, or IRIP. The IRIP experiment was a large-scale, flight-like, proof of concept which underwent a thermal 

vacuum test in 20121. The test article, as shown in Figure 3, was 1/6th the size of the flight design and had a ~1.0 m2 

radiator on top of a PCM section. The enclosed PCM had a 

total thickness of 5.0 cm of water, generally frozen, that was 

expected to provide reasonable radiation protection. The 

working fluid in the test article was a 50/50 propylene-

glycol/water (PGW) solution that flowed one-way through the 

IRIP lengthwise. As shown in Figure 4, the thermal 

performance was enhanced with interstitial material 

throughout the PCM. The top of the radiator was painted to 

have an emissivity of 0.904, and the radiator was sized for an 

average heat load of the MMSEV vehicle over a 24-hour 

period. When the heat rejection required by the vehicle fell 

below the average heat load, the heat rejection was via 

radiation only. When the heat rejection required by the vehicle 

rose above the average heat load, the heat was rejected by 

phase change (ice melting) and radiation. The design idea was 

referred to as the “last-bit-o’-ice” condition, because during 

the MMSEV heat load 24-hour profile, the net phase change 

would be zero. This created a design that would be able to 

support an indefinite operation of the vehicle. The IRIP scale 

test article failed after approximately 5 days of testing. Most 

likely, the root cause was due to water expansion in an 

uncontrolled manner which led to mechanical fatigue and 

eventually a facesheet rupture, as seen in Figure 51.  

The FHS radiator design presented within this document is 

based on the IRIP design but with several key differences. The 

HAL FHS radiator uses, like the IRIP test article, a 50/50 

solution of PGW in a single fluid loop system through the 

longer length of the radiator; however, the PGW flows 

through tubing located within the water instead of along the 

bottom of the PCM (cold plate). Overview images of the HAL 

FHS radiator design are shown in Figure 6. The HAL FHS 

radiator has a 5.0 cm thickness of water, like to the IRIP, 

totaling to ~225 kg of water. The top of the HAL FHS radiator model is painted to have an emissivity of 0.9, like to 

the IRIP, and is sized for the average heat load of the HAL. The main difference, however, is that the HAL FHS 

radiator is not designed around the baseline temperature of 0°C, so the water is not primarily frozen but primarily 

 
Figure 3.  Integrated Radiator Ice PCM (IRIP) 

test article dimensions. 
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Figure 4.  Integrated Radiator Ice PCM (IRIP) 

internal view. 

 

 

Figure 5.  Integrated Radiator Ice PCM (IRIP) 

test article after failure. 

 

  

 

Figure 6.  Overview of the Fusible Heat Sink (FHS) Radiator for the Habitable Air Lock (HAL). 
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Figure 7.  Internal View of the Fusible Heat Sink (FHS) Radiator for the Habitable Air Lock (HAL). 

 

 
Figure 8.  HAL FHS Radiator dimensions. 

 

liquid1. The water is now used predominantly as a sensible capacitor instead of a latent capacitor. The concept for 

the HAL FHS radiator is to create a design that decreases the amount of complete freeze-thaw cycles of the water 

PCM, and thus increasing the life of the radiator. However, the idea is to create a design that could also be able to 

withstand partial freezing of the water during low heat load periods and be able to withstand complete freezing of 

the water portion under extreme circumstances. Above the average heat load, the sensible thermal capacity of water 

is used whereas below the average heat load, the latent thermal capacity (phase change) of water can be utilized. 

Therefore, the desire for the HAL FHS design is to be freeze-tolerant instead of freeze-reliant.  

III. Thermal Model Development and Assumptions 

A. Thermal Model 

C&R Thermal Desktop®2 was used to create a thermal 

model of the HAL FHS radiator concept. The radiative top 

sheet, shown in yellow in Figure 7, is made from a very thin 

(0.28 mm) piece of aluminum and is painted white to have an 

emissivity of 0.9 on the top surface3. This creates a radiator 

on top of the FHS portion with an area of ~5.5 m2, as shown 

in Figure 8. The FHS section underneath the top aluminum 

sheet is composed of a stainless steel rectangular structure 

with thin, interstitial, stainless steel ‘fins’ protruding down 

from the top into the enclosed water (see Figure 7). Stainless 

steel is used because it is corrosion resistant. The FHS has 

5.0 cm of water depth for radiation protection. The bottom of 

the rectangular structure is modeled as stainless steel in this 

analysis for simplicity; however, future studies should 

consider a flexible bladder on the bottom to account for the 

volume changes due to water/ice phase changes.  

All thermal, optical, and physical properties, including 

water fusion properties, are modelled in Thermal Desktop. 

Half of the PGW tubing is tangent to the top of the FHS 

radiator while the other half of the PGW tubing is at the 

bottom of the interstitial fins. This half-up-half-down 

placement of the PGW tubing was chosen to utilize the top 

plate radiator cooling while also placing tubing within the 

volume of the water to better utilize the thermal capacity of 

the water. Future studies could also use this design concept 

to split the PGW flowrate between upper and lower lines to 

control the freezing direction of the water.  Using Thermal 

Desktop’s one-way conductors, heat transfer is simulated 

along the length of the PGW tubing all in one direction, as 

shown in Figure 9. The use of one-way conductors and the 

assumption used for constant heat transfer coefficients in the 

 
Figure 9.  Thermal Desktop model of heat 

transfer along PGW lines. 

 

 
Figure 10.  Thermal Desktop model of heat 

transfer between PGW lines and other materials. 
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flow will have some effect on the modelling outcome. Future studies should consider using a flow model for the 

liquids contained in this analysis to better simulate the heat transfer. Heat transfer from the PGW to the 

water/structure is modeled using Thermal Desktop’s surface contactors, as shown in Figure 10.  

The Thermal Desktop model also contains a PGW bypass loop for the coolant to completely skip the radiator 

when the HAL cabin needs to conserve energy in low heat load periods. The bypass loop is set up in this model such 

that a percentage of the total PGW flow is diverted at the ‘Cabin Outlet’ valve to cycle through the bypass loop, as 

shown in Figure 11. This is the point in the PGW tubing line where the heat load from the HAL cabin has been fully 

absorbed and the PGW line can divide the flow between the radiator loop and the bypass loop. For simplicity, the 

bypass valve was not actively controlled in this analysis; however, future studies should incorporate a feedback 

controlled valve for greater fidelity. The flowrates in this model were not changed during the 24-hour heat load 

profile, so both loops assumed constant flow of PGW during runtime. For example of this model’s simulated flow, 

examine the case of 25 g/s of total PGW flow for the entire ATCS system, which mimics the PLSS pump flow 

baseline. If the Thermal Desktop simulation is set so 20% of the total PGW flowrate is going through the bypass 

loop, the flowrate through the bypass loop would be 5 g/s and the flowrate through the radiator loop would be 20 

g/s. The Thermal Desktop node labeled ‘Cabin Inlet’ is the point on the PGW tubing line where the bypass loop 

ends and the radiator loop ends, and the two flows merge together before going through the cabin to pick up heat 

again. 

The entire HAL FHS radiator system has an estimated total mass of ~750 kg, with the heaviest component being 

the stainless steel FHS structure at ~500 kg. The water mass within the HAL FHS is ~225 kg. The water volume to 

total FHS volume is approximately a 3:4 ratio.  

B. Assumptions 

The HAL is being designed to be suitable for a diverse variety of mission environments. The Thermal Desktop 

model contained in this document analyzes the deep space environment as the coldest case environment. Future 

studies should analyze other environments for the HAL cabin and FHS radiator design. The deep space environment 

is assumed to be at a temperature of 3K, or -270°C. For this analysis, radiation is assumed off the top surface of the 

aluminum facesheet only, with no edge radiation. The radiator is configured “edge-to-sun” such that the radiator top 

surface has no view to the Sun and therefore absorbs no direct solar radiation. The FHS radiator structure is assumed 

to be made entirely out of stainless steel due to its direct contact with the water and the need for corrosion resistance. 

Future studies should evaluate various options for the bottom flexible bladder materials that are used as design 

solutions for the expansion of freezing water. The HAL cabin is modeled in Thermal Desktop as a hollow shell with 

~33 m2 of surface area and an assumed heat loss to the deep space environment of 363 W, based on model analysis 

results. This amount of heat is accounted for in the HAL heat load profile used in this Thermal Desktop model. The 

HAL cabin model is located underneath the FHS radiator model, but is only used for shading purposes and is not 

thermally connected to the FHS. This is a conservative analysis assumption. When future studies thermally connect 

the FHS radiator to the HAL cabin, it is predicted the FHS radiator will need additional heat or less radiator surface 

area to keep the radiator loop outlet temperatures the same as in they are in this analysis.   

 

Figure 11.  HAL FHS Radiator PGW paths. 

 



 

International Conference on Environmental Systems 
 

 

6 

C. HAL Heat Load Profile 

The 24-hour heat load profile for a 4-crew deep space mission, shown in Figure 12, was assumed for the HAL 

cabin variable heat load, and thus the heat source for the HAL FHS radiator. The metabolic heat load is the 

summation of four crew members with one-at-a-time, sequential, 30-minute exercise per day and an 8-hour sleep 

period. This metabolic profile is based on the Constellation Program Human-Systems Integration Requirements, but 

modified and simplified for the purposes of this analysis4. The electronics heat load profile assumes two computers, 

four monitors, and a network and data handling system. The ECLSS and lighting values are assumed. The 

environment heat load is the 363 W of heat loss to the environment from the HAL cabin as outlined in the previous 

section. The time-weighted average for this assumed HAL 24-hour heat load profile is 1.78 kW. As a result, the 

HAL FHS radiator needs to be sized for a 1.78 kW heat load average. 

D. Vehicle Thermal Performance Requirements/Targets 

The FHS radiator for the HAL cabin has several performance requirements and also has some desired 

performance targets. The FHS radiator is required to be able to reject at least the average heat load of the HAL 

cabin, which was determined to be ~1.78 kW, when in a deep space environment. The ability to reject higher 

average heat loads is desired to provide margin as well as increase capability in warmer environment such as a Low 

Lunar Orbit (LLO).  

The FHS radiator is desired to be generally a liquid water PCM radiator instead of a primarily frozen PCM 

radiator as previously studied in the IRIP testing. The desire is to create a FHS radiator design that is freeze-tolerant, 

but does not constantly freeze and thaw the entire way through during each 24-hour heat load profile. Therefore, one 

target for this simulation analysis is for the water within the FHS to be generally above freezing temperature, 0°C, 

during nominal average heat loads and only freeze the water portion partially during nominal low heat loads.   

The PGW 50/50 solution freezes at -34°C, and to create a barrier of assurance that no coolant will freeze, a 

minimum limit of -23°C is desired for the PGW. A high priority performance target for this FHS radiator model is to 

keep the ‘Cabin Inlet’ temperature around the temperature range of 4°C to 10°C. This is an acceptable temperature 

range for keeping the water in the liquid phase while also being able to absorb heat from the cabin heat exchangers. 

The ‘Cabin Inlet’ is the name given to the merging point of the PGW returning from the radiator loop and the PGW 

returning from the bypass loop before the combined flow picks up the HAL cabin heat load. Keeping the ‘Cabin 

Inlet’ around this temperature range also results in keeping the ‘Cabin Outlet’ temperature, the PGW flow 

temperatures, and the water PCM temperatures within reasonable limits. 

 

 

Figure 12.  Heat Load Profile for a 4-crew 24-hour HAL mission in Deep Space Environment. 
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IV. Results & Discussion 

A. Constant Heat Load Analysis Results  

The Thermal Desktop model was used to run simulations of the HAL FHS radiator performance in a deep space 

environment. Before the HAL 24-hour heat load profile was input into the Thermal Desktop model, the FHS radiator 

design was tested using a constant heat load as the independent variable being changed. Based off the results 

accumulated by trial-by-error simulations, the FHS radiator design evolved over time to reach the current design as 

described in this document. It was also determined through an accumulation of simulation runs that if the ‘Cabin 

Inlet,’ or merging point of the PGW from the radiator and bypass loops, temperature stayed around 4°C to 10°C, the 

other thermal performance requirements/desires tended to be achievable. 

The constant heat load analysis results are shown in Table 1. In the interest of creating commonality between 

different systems, two total flowrates were used: 25 g/s based on the PLSS water pump baseline, and 45 g/s based on 

an Orion pump baseline. The simulations in Table 1 do not include any bypass flow. The constant heat load value 

was the input and the model was run to steady-state temperatures. Table 1 displays the range of constant heat loads, 

in kW, that fit the thermal performance desires described in this document. The ‘Cabin Inlet’ temperatures are 

around the 4°C to 10°C temperature range. The PGW temperatures are well above the minimum limit of -23°C, so 

there is no risk of freezing. All water temperatures within the fusible heat sink are above freezing, with an average 

water temperature of ~12°C. As displayed in Figure 13, the current design of the FHS radiator can achieve the 

thermal targets at a total PGW flowrate of 25 g/s when the constant heat load is between ~2.15 kW and ~2.31 kW 

and at a total flowrate of 45 g/s when the constant heat load is between ~2.08 kW and 2.23 kW. This shows that the 

PGW flowing at 45 g/s has less time to cool off in the radiator loop than the 25 g/s flowrate. However, the usage of 

one-way conductors and the assumption of constant heat transfer coefficients between the PGW and the PGW 

tubing may have had some impact on the temperature differences seen between the two flowrates. Forward work is 

planned to improve the model. Based on these results, the current design of the HAL FHS radiator is sized for a ~2.2 

kW average heat load. This is an appropriate size for a 1.78 kW heat load average plus being able to accommodate 

the highs and lows of the heat load profile, while also providing margin for possible use in warmer environments. 

 

 

 

 

 

 

 

 

Table 1.  Constant Heat Load Results with No Bypass Flow. 

Total Flow Rate

(g/s)
[No Bypass Flow]

Constant 

Heat Load (kW)
[Input Variable]

'Cabin Inlet'

Temp (°C)

PGW

Temp Range (°C)

Water PCM 

Temp Range (°C)

'Average Water'

Temp Range (°C)

Boundaries: 4°C to 10°C > -23°C > 0°C > 0°C

2.15 4.4 3.5 to 25.5 3 to 23 6 to 16

2.20 6.3 5 to 28 4.5 to 25 7.5 to 18

2.25 8.1 6.5 to 30.5 6 to 27 9.4 to 20

2.30 9.8 8 to 33 8 to 29.5 11 to 22

2.10 5.3 4 to 17 4 to 15.5 5.5 to 13

2.15 7.2 5.5 to 19 5.5 to 18 7 to 15

2.20 9.1 7.5 to 21 7 to 20 9 to 17.5

2.25 10.9 9.5 to 23.5 9.5 to 22 11 to 19.5

Constant Flow of PGW Steady-State Temperatures

25

45
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Table 2 shows the analysis results when using a 1.24 kW constant heat load, which is the minimum heat load 

that occurs during the 8-hour crew sleep period. In these cases, a bypass flowrate was used to try and maintain the 

‘Cabin Inlet’ temperatures within the desired range. Using the two total flowrates of 25 g/s and 45 g/s, the 

percentage of the total PGW flowrate diverting to go through the bypass loop was varied. Table 2 shows the steady-

state temperatures from cases of 0%, 50%, and 80% of the total PGW flow going through the bypass loop. The 

thermal performance targets were not met with any of the bypass percentage flow cases. The ‘Cabin Inlet’ 

temperatures did not reach the desired range, and the water and PGW fluids all froze. Therefore, the current model 

design of the HAL FHS radiator cannot sustain the minimum heat load of 1.24 kW for a prolonged period, no matter 

what constant percentage of the total PGW flow is put through the bypass loop. The results show that in prolonged 

low heat load cases, a heater would need to be used in the system to keep PGW temperatures above their freezing 

point. 

 

 

 

 

 

 

Figure 13.  ‘Cabin Inlet’ Temperatures. 

 

Table 2.  Constant Heat Load Results with Bypass Flow. 

 

Total Flow Rate

(g/s)

Percentage through 

Bypass Loop (%)

Constant 

Heat Load (kW)

'Cabin Inlet'

Temp (°C)

PGW

Temp Range (°C)

Water PCM 

Temp Range (°C)

'Average Water'

Temp Range (°C)

Boundaries: 4°C to 10°C > -23°C Can go below freezing > 0°C

0% 1.24 -39.2 -39 to -30 -39 to -31 -38 to -34

50% 1.24 -31.4 -42 to -25 -42 to -25 -39 to -34

80% 1.24 -6.5 -48 to -13 -48 to -13 -43 to -36

0% 1.24 -37.8 -38 to -33 -38 to -33 -37 to -34

50% 1.24 -33.7 -40 to -30 -40 to -30 -38 to -34

80% 1.24 -19.9 -44 to -21 -44 to -21 -41 to -35

Steady-State TemperaturesConstant Flow of PGW

25

45
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B. Variable Heat Load Analysis Results 

The HAL cabin 24-hour heat load profile was input into the HAL FHS radiator Thermal Desktop model, and the 

results are shown in Table 3. These heat load profile results use a constant total flow of either 25 g/s or 45 g/s and 

either 0%, ~15%, or 33% of that total PGW flow was diverted through the bypass. The vehicle thermal performance 

desires were, again, to keep the ‘Cabin Inlet’ between 4°C and 10°C and to keep the PGW temperatures above 

freezing; however, the water temperatures did not have to be above freezing during the entire 24-hour profile. The 

water temperatures during the variable, 24-hour heat load profile can drop below freezing when necessary at the end 

of the sleep period, unlike the desire during the constant heat load to keep all water temperatures above freezing.  

When there was no flow through the bypass loop, the ‘Cabin Inlet’ temperatures dipped below the desired 4°C 

minimum during the low heat, sleep period when all the PGW flow was being cooled when flowing through the 

radiator. By adding a steady, constant bypass loop flow, the ‘Cabin Inlet’ temperatures reached the 4°C desired 

minimum limit temperature. It was seen that adding too much flow through the bypass loop keeps the ‘Cabin Inlet’ 

temperature too warm and greatly exceeds the 10°C desired maximum limit temperature. With a percentage of flow 

through the bypass loop, 20% for 25 g/s (5 g/s bypass flow) and 10% for 45 g/s (4.5 g/s bypass flow), the ‘Cabin 

Inlet’ desired temperature range was achievable. Adding a feedback controlled bypass valve should mitigate the 

differences between the desired and achieved temperatures.  

 

 

Table 3.  Variable Heat Load Results with Bypass Flow. 

Total Flow 

(g/s)

Percentage through 

Bypass Loop (%)

'Cabin Inlet'

Temp (°C)

PGW

Temp Range (°C)

Water PCM 

Temp Range (°C)

'Average Water'

Temp Range (°C)

Boundaries: 4°C to 10°C > -23°C Can go below freezing > 0°C

0% 0 to 7 -0.5 to 39 -1 to 31 0 to 19

20% 4 to 10 -1 to 44 -1.5 to 33 -0.5 to 19

33% 7 to 18 -1.5 to 52 -1.5 to 36.5 -0.5 to 20

0% 0.5 to 11 0 to 28.5 -0.5 to 25.5 1 to 19.5

10% 1.5 to 12 0 to 29.5 -0.5 to 26 0.5 to 19.5

33% 4.5 to 15.5 -0.5 to 34.5 -1 to 28.5 0 to 19.5

45

Constant Flow of PGW Range of Temperatures over the 24-hour Profile

25

 

 

Figure 14.  ‘Cabin Inlet’ Temperatures for the HAL Heat Load Profile Cases. 
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Figure 14 shows the ‘Cabin Inlet’ temperatures for both PGW total flowrates of 25 g/s and 45 g/s with and 

without a bypass flow. The driving design criterion, of keeping the HAL ‘Cabin Inlet’ temperature between 4°C and 

10°C, is an outlined red box in Figure 14. The pulsations seen are when the crew members exercise one-at-a-time 

and sequentially for 30 minutes each. The hottest temperatures occur after all four crew members have exercised. 

The dip at hour 16 is when the crew begins their sleep period. The coldest temperatures occur at the end of the crew 

sleep period. The main desire for the ‘Cabin Inlet’ temperature is to be, for the most part, within the outlined red 

desired temperatures. The cases with added bypass flow are more within the range than without a bypass flow. The 

case using 25 g/s for total PGW flow with a bypass flow is more within the range desired than the case using 45 g/s 

of total flow with a bypass flow.  

The PGW temperatures were not close to freezing during any of the heat load profile cases, but the water does 

freeze. The water dips below freezing at the end of the heat load profile in all variable heat load cases. This is not a 

problem, since the FHS radiator is being designed to be freeze-tolerant. The desire is to keep the water temperature 

generally above freezing, and this is accomplished as can be seen in the ‘Average Water’ temperature column with 

all 45 g/s of total flow cases being above freezing and the 25 g/s of total flow cases being right below freezing. The 

target was to keep the FHS from freezing all the way through, to keep the mechanical structure from failure like the 

MMSEV IRIP experienced. This ‘Average Water’ denotes the water within the center of the fusible heat sink 

portion and excludes the water nearest the inlet and outlet of the FHS. This means the ‘Average Water’ column 

excludes the water that is very warm at the FHS inlet due to absorbing heat from the cabin and excludes the water 

that is very cold, or freezing, at the FHS outlet due to the radiation cooling. Therefore, most of the water within the 

FHS is between ~0.6°C and ~19°C, or above freezing, for 45 g/s of total PGW flow and between ~0°C and ~18°C 

for 25 g/s of total PGW flow. 

C. Water Analysis within Variable Heat Load Analysis Results  

One of the high priorities of this model was to increase the life of the fusible heat sink radiator design. Based on 

the previously studied IRIP analysis, one way to achieve this desire is by creating a design that can withstand the 

freezing of the water PCM. The water freezing process also needs to be controlled, or it can lead to failure like in the 

IRIP study. Creating a model that promotes a controlled direction of freezing within the water could help with this 

problem. Figure 15 displays the water within the FHS at the end of a HAL 24-hour heat load profile, or at the 

coldest point of the profile. It shows the water temperatures when the model is run with a total PGW flowrate of 25 

g/s with 20% of that flown through the bypass loop. The image on the left of Figure 15 shows the FHS portion but 

only displaying the water within the mechanical structure. The FHS structure, top plate radiator, and PGW tubing 

are hidden. A section of the water is highlighted with temperature labels to show the change in temperature along 

the flow of PGW from FHS inlet to FHS outlet. It shows that the water near the FHS outlet is falling below freezing 

temperatures, and that there are colder temperatures on the top than on the bottom. The image on the right of Figure 

15 shows this top-to-bottom controlled direction of freezing. The coldest water temperatures are at the top of the 

water where the most heat is being lost through radiation and the warmest water temperatures are around the lower 

PGW tubing. 

 

   

Figure 15.  FHS Water Temperature Contours showing Top-Down Freezing. 
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V. Discussion 

Based on the constant heat load analysis results, it was determined that the current design of the HAL FHS 

radiator with a surface area of ~5.5 m2 is sized for about a 2.2 kW average heat load. The heat load size is very 

similar for both of the PGW flowrates examined (25 g/s and 45 g/s); however, it is with full flow through the 

radiator loop and no flow through the bypass loop. At this constant steady heat load, the PGW at full flow can cool 

down sufficiently by radiation to fit within the 4°C to 10°C criteria range for the ‘Cabin Inlet’ temperature. All the 

water at this heat load is above freezing with an average water temperature of ~13°C. This heat load of 2.2 kW is 

above the 1.78 kW average of the HAL heat load profile. This is desirable because the FHS radiator should be able 

to reject heat above the average to accommodate the occasional high heat loads while not completely freezing during 

low heat load periods. It also adds margin that could be used to accommodate potential warmer environments, such 

as a LLO.  

Knowing the current design was around the appropriate size needed for the average heat load, it was desired to 

test the model for sustainability at the minimum heat load. When tested at the minimum heat load of 1.24 kW from 

the HAL heat load profile, the steady state results showed that the FHS radiator could not attain the desired 

temperatures for the PGW and water PCM. Both liquids completely froze no matter the percentage of PGW total 

flow diverted through the bypass loop to conserve heat.  A heater could be added to the system to maintain 

temperatures, particularly PGW temperatures, above freezing during prolonged low heat load periods.  

Based on the variable heat load analysis results, it was determined that the current model design is sized 

appropriately for the HAL heat load profile. The FHS radiator can reject enough heat to keep the ‘Cabin Inlet’ 

between 4°C to 10°C, while still being able to store enough heat to keep the ‘Average Water’ temperatures and 

PGW temperatures above freezing. By varying the amount of PGW through the bypass, the ‘Cabin Inlet’ 

temperatures can be maintained within the desired range of 4°C to 10°C. 

The current design kept the average water temperature above freezing with some freezing zones at the outlet end 

of the FHS. Figure 16 displays a selected water node temperature at the outlet end of the FHS where the water is the 

coldest. The lower the PGW flowrate through the FHS radiator, the more the water temperature dips below freezing 

(0°C). The HAL FHS radiator is being designed to be freeze-tolerant, but the desire is to maintain the average water 

temperature above freezing. Creating a design that does not freeze all the way through the PCM, decreases the 

amount of freeze-thaw cycles of the PCM and increases the life of the radiator. Considering the possible failure 

causes of the IRIP test article, one cause might be that the water froze in a manner which caused metal stress and 

 

Figure 16.  HAL FHS Water PCM Temperatures. 
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fatigue. The HAL FHS radiator was designed to try to mitigate this by creating a top-to-bottom freezing direction of 

the water. By using a flexible bladder on the bottom surface, it reduces the stress experienced by the primary metal 

structure. Because the water near the radiating aluminum top plate gets cold first, the water near the top of the FHS 

freezes first. The water at the bottom of the radiator gets cold through conduction, but because water has a high heat 

capacity, it takes some time for it to freeze. Therefore, the PGW tubing along the top of the structure cools off more 

than the PGW tubing along the bottom. This creates the temperatures differences seen between the upper and lower 

PGW, while still achieving the desired ‘Cabin Inlet’ temperature range of 4°C to 10°C.  

The results from the analysis show that the design concept is thermally feasible. It was desired to operate 

primarily above freezing to reduce the number of freeze/thaw cycles experienced by the previous IRIP design. The 

analysis results show that operating above freezing is feasible and that the design goals are met. In order, keep the 

system temperature more stable during variable heat load profiles, the system will need to incorporate a heater to 

keep the PGW above freezing during low heat load periods. In this analysis, a bypass loop was used to control the 

operating temperatures, particularly the cabin inlet temperature. While the design concept has the fluids primarily 

above freezing, the design will need to be freeze-tolerant due to the water. The idea is to control the freezing 

direction and incorporate a flexible bladder. The basic mechanical design includes a flexible bladder. Forward work 

includes testing to evaluate and improve the mechanical design.    

VI. Conclusions and Forward Work 

This paper outlines the thermal analysis performed for evaluating a water based fusible heat sink (FHS) radiator 

design for the Habitable Air Lock (HAL) space exploration vehicle project. The design concept uses a radiator to 

reject heat, while also using water located within the radiator structure as a phase change material. For this analysis, 

the desire was for the water to be predominantly used as a sensible thermal capacitor but with latent capacitor 

capability. In addition, the water is used for radiation protection and is potentially a contingency water reservoir. 

The purpose of the analysis was to show that the concept is thermally feasible and a viable candidate for the HAL 

given the design heat loads and planned operational environment. 

This analysis was specifically for a deep space environment for a relatively low power vehicle with 4 crew 

members. The FHS structure is made of stainless steel with interstitial fins, propylene-glycol/water (PGW) coolant 

flowing through upper and lower tubing, and water phase change material (PCM) inside. The current design 

includes a PGW bypass loop to divert a percentage of the total PGW flow from cooling in the radiator loop. Using 

the full PGW flow through the radiator loop of either 25 g/s based on the PLSS pump flowrate baseline or 45 g/s 

based on an Orion loop flowrate baseline, the current FHS radiator design allows for a heat flux potential of 2.2 kW 

per ~5.5 m2 for a deep space environment. The current design can adequately cool a constant 2.2 kW heat load for 

an indefinite amount of time. This adds a buffer amount of heat rejection capability to the desired 1.78 kW of heat 

loss capacity, the average heat load of the HAL project 24-hour heat load profile. The current design can meet the 

design targets referenced in this document while operating under the HAL heat load profile in a deep space 

environment. The design is capable of keeping the ‘Cabin Inlet’ temperature, or the merging point temperature of 

the radiator loop PGW tubing and the bypass loop PGW tubing, within the desired 4°C to 10°C range. This inlet 

temperature target is met using a constant heat load of 2.2 kW for an infinite amount of time at both flowrates with 

no bypass flow, using the variable heat load profile at 25 g/s with a 20% bypass flow, and using the variable heat 

load profile at 45 g/s with a 10% bypass flow. The target inlet temperature is not met if the cabin is at the minimum 

heat load of 1.24 kW for a prolonged amount of time. This can be remedied by incorporating a heater into the 

system to maintain temperatures, particularly PGW temperatures, above freezing during prolonged low heat load, or 

dormancy, periods. The analysis results show that, thermally, the FHS radiator design concept is feasible.    

 Forward work for this project includes upgraded modeling, further analysis, and testing. The model 

improvements include improving the fluid flow analysis by removing the one-way conductor modeling technique 

and adding computational fluid flow modeling, and improving the bypass valve to include feedback control. 

Analysis updates include adding a heater to the bypass loop, thermally connecting the FHS radiator to the HAL 

cabin, and evaluating the FHS radiator in different environments and with different heat load profiles. Testing plans 

include a subscale test article that incorporates dual layer PGW tubing, fins, and a flexible bladder design. The test 

article will be used to test different flowrates, different flow directions, the directional freezing and freezing pattern 

of water, the expansion capability of different flexible bladders, and the structural integrity of the mechanical design 

of the FHS radiator.    
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